The acoustic effects of the adjustment in vocal effort that is required when the distance between speaker and addressee is varied over a large range ͑0.3-187.5 m͒ were investigated in phonated and, at shorter distances, also in whispered speech. Several characteristics were studied in the same sentence produced by men, women, and 7-year-old boys and girls: duration of vowels and consonants, pausing and occurrence of creaky voice, mean and range of F 0 , certain formant frequencies ͑F 1 in ͓a͔ and F 3 ͒, sound-pressure level ͑SPL͒ of voiced segments and ͓s͔, and spectral emphasis. In addition to levels and emphasis, vowel duration, F 0 , and F 1 were substantially affected. ''Vocal effort'' was defined as the communication distance estimated by a group of listeners for each utterance. Most of the observed effects correlated better with this measure than with the actual distance, since some additional factors affected the speakers' choice. Differences between speaker groups emerged in segment durations, pausing behavior, and in the extent to which the SPL of ͓s͔ was affected. The whispered versions are compared with the phonated versions produced by the same speakers at the same distance. Several effects of whispering are found to be similar to those of increasing vocal effort.
INTRODUCTION
The acoustic properties of speech sounds vary not only with their linguistic phonetic value, but also as a function of expressive, organic, and perspectival factors. The present investigation is concerned with the effects of expressive variation, mainly in vocal effort, but also in mode of phonation ͑whispering vs phonating͒. These effects are investigated in the speech of men, women, and children, so that some information about effects of organic variation associated with speaker age and sex is also obtained.
Variation in vocal effort obviously affects the sound pressure p of speech signals, but it also has substantial effects on several additional acoustic properties. ''Vocal effort'' is basically a subjective physiological quantity that has to be kept distinct from ''voice level.'' The latter could be defined as the sound-pressure level ͑SPL͒ of a standard utterance as measured at a given distance from the speaker's mouth. However, there are alternative ways in which speakers can control the level of their voice. It is well-known that trained singers and actors are capable of doing it without much affecting F 0 , the fundamental frequency of the voice. They vary their pulmonic pressure more than ordinary speakers do ͑Åkerlund and Gramming, 1994͒. However, in ordinary speech communication, there is no need for keeping the pitch at a constant level, and when these techniques are used in speaking, they lend a theatrical quality to the speech. Ordinary speakers can do with smaller variations in pulmonic pressure by using more variation in the tension of their vocal folds in controlling their vocal effort. This economizes the airflow, but it affects F 0 .
Within the framework of the present investigation, it was essential to define and quantify vocal effort in a way that is appropriate for ordinary speech. According to the definition adopted, vocal effort is the quantity that ordinary speakers vary when they adapt their speech to the demands of an increased or decreased communication distance. ''Ordinary,'' in this sense, are speakers who are free from any relevant pathology and who have not received any special training of their voice.
In some investigations of the aerodynamics of glottal airflow, such as that by Holmberg, Hillman, and Perkell ͑1988͒, subjects were asked to adjust their ''loudness level'' in order to produce syllables with normal, loud, and soft voice. The observed variation in F 0 was not very large. However, in this situation it is questionable whether the speakers controlled their vocal effort in a way consistent with our definition, since they may have adopted the singer's technique to some extent.
Very large effects on F 0 have been observed in investigations of shouted vs normal speech ͑e.g., Rostolland, 1982a͒ . Increases in F 0 were also observed as an effect of speaking in noise ͑Rastatter and Rivers, 1983; Loren, Colcord, and Rastatter, 1986; Summers et al., 1988; Bond, Moore, and Gable, 1989; Junqua, 1993͒ . Speakers react to increased or decreased environmental noise ͑the Lombard effect͒ similarly to the way they react to an increased or decreased communication distance, but we must not assume complete equivalence. Speakers' responses to noise with a given sound pressure might differ according to its spectrotemporal properties. Rivers and Rastatter ͑1985͒ actually observed such differences between the effects of white and multitalker noise.
Variation in vocal effort is known to affect the shape of a͒ Electronic mail: hartmut@ling.su.se the glottal pulses, i.e., the course of the airflow volume velocity and pressure as a function of time within a glottal cycle ͑Holmberg et Holmberg et al., 1995; Söder-sten, Hertegård, and Hammarberg, 1995͒ . The vocal-fold closing velocity and the relative duration of the closed interval of the glottal cycle was found to be higher in loud, as compared with the normal, voices. We know from other investigations ͑Gauffin and Sundberg, 1989; Childers and Lee, 1991͒ that in the spectral domain, this is reflected in an emphasis of the higher partials. The level of the lowest partials, in particular that of the first, does not vary as much when speakers vary their vocal effort. It has also been reported that formant frequencies, in particular F 1 , increase with increasing vocal effort ͑Frøkjaer-Jensen, 1966; Rostolland and Parant, 1974; Rostolland, 1982b; Schulman, 1985; Bond et al., 1989; Junqua, 1993; Liénard and Di Benedetto, 1999; Huber et al., 1999͒ . However, measurements of formant frequencies at high F 0 s are often not very reliable, since they tend to be affected by a bias towards the partial that is closest to the resonance peak. In any case, it is well-known ͑Schulman, 1989͒ that speakers open their mouths more when shouting than when speaking with more moderate vocal effort, and the observed formant frequencies, in particular the substantially increased values for F 1 , agree with what can be expected for such an articulation on the basis of the acoustic theory of speech production ͑Fant, 1960; Lindblom and Sundberg, 1971͒. In the investigations by Fónagy and Fónagy ͑1966͒, Rostolland ͑1982a͒, and Bonnot and Chevrie-Muller ͑1991͒, the duration of vowels increased with vocal effort, while the duration of consonants decreased somewhat.
Since the sound pressure of an utterance is the acoustic variable that is affected most by variations in vocal effort, everything else being equal, it can be used as an index of vocal effort, as in the recent study by Liénard and Di Benedetto ͑1999͒, who had evoked variations in vocal effort by varying the distance between speaker and interlocutor. However, perception experiments ͑Rundlöf, 1996; Eriksson and Traunmüller, 1999͒ have demonstrated that the SPL actually plays no major part in judgments of vocal effort. The sound pressure varies widely as a function of perspectival factors such as the distance between a listener and the source of the sound, which often does not substantially affect anything else. Listeners are, nevertheless, capable of distinguishing variations in a speaker's vocal effort from variations in their own distance from the speaker. This was already implied by the results of Wilkens and Bartel ͑1977͒, who showed that listeners were capable of recreating the original SPL of a speaker with high precision from a recording. More recently, Eriksson and Traunmüller ͑1999͒ showed that listeners are capable of separating and judging the two variables on the basis of single vowels.
It would, therefore, be preferable to have a more generally valid measure of vocal effort. The measure used in the analysis of the results of the present experiments is based on the average rating, by a group of listeners, of the communication distance for each stimulus.
While previous research has produced useful knowledge about various acoustic effects of variations in vocal effort, it is our ambition to obtain a description that captures the whole set of effects that might be of importance for its perception. Detailed quantitative knowledge of these effects is required in order to be able to simulate human behavior and capabilities in speech synthesis and in automatic recognition of the various kinds of information that are transmitted by speech. In addition to the linguistic information ͑what is said͒, this includes expressive information ͑how it is said͒, organic information ͑by whom it is said͒, and perspectival information ͑where it is said͒. Within this scheme, vocal effort is the most prominent expressive variable, while sound pressure p is more closely associated with perspectival information. Temporal variations in vocal effort also serve the expression of linguistic stress ͑Sluijter and van Heuven, 1996͒.
The present descriptive study was designed to provide data against which general theories of speech communication, such as the modulation theory ͑Traunmüller, 1994, 1998͒, which must handle the production and perception of all kinds of information transmitted by speech, can be tested. The acoustic characteristics that will be considered are those that can be expected to be most important for the perception of this information: segment durations, F 0 , formant frequencies, SPLs, and spectral emphasis. No attempt is made here to study periods of glottal excitation in the temporal domain.
I. METHOD

A. Subjects
Twenty subjects served as speakers: six male adults, aged 20-51 years, six female adults, aged 20-38 years, as well as four boys and four girls, all 7 years of age. The adult subjects were students and staff members at the department of linguistics. The children were from a primary school close to the recording site. All subjects were speakers of Stockholm Swedish.
None of the subjects had any known speech or hearing disorder. Some of the children may have had irregularities in their dentition. While this was not checked in detail, their speech was not noticeably affected by such a factor. However, the speech of 7-year-olds is typically not yet developed to full maturity and shows dysfluencies and individual deviations from the adult norm. Such deviations were also present in the speech of these children. None of the subjects was a trained singer or had been subject to any extensive voice training.
B. Speech material
The speech material consisted of several versions of a single sentence that had been chosen so as to provide suitable data ͑representative and easy to measure͒ of segment durations, fundamental frequencies, formant frequencies, spectral slopes, and the levels of voiced and voiceless segments. Nasals were avoided. The sentence used was Jag tog ett violett, åtta svarta och sex vita, ͓j0tug}tvi.l}t Åtasva7a Ås}ksvibta͔ ''I took one violet, eight black, and six white.'' Each subject produced seven versions of this sentence, two whispered and five phonated at increasing levels of vocal effort in order to bridge an increasing communication distance.
One of the children consistently said ''viloett'' instead of ''violett'' and another on two occasions said ''en'' where ''ett'' would be required. Some of the speakers, including several adults, skipped the initial ͓j͔ of the utterance. On the other hand, there were also speakers who realized the final ͓+͔ in the word ''jag,'' which most speakers drop even in their clearest style of spontaneous speech.
C. Recording procedure
The experiment took place in an open field in a reasonably quiet area on the island of Lidingö outside Stockholm. The surface of the field was soft soil covered with grass. Beside some trees at a distance of at least 25 m behind the speakers, there were no other nearby objects that might have caused noticeable reflections. The utterances were recorded on a portable DAT recorder, using a small, high-quality microphone ͑Sennheiser Red Dot MKE2͒ that was provided with a cover to reduce wind noise. A stepwise attenuator was used to keep variation in recording levels within tolerable limits and under control. The steps were 0, 8, 16, 24, and 32 dB. The microphone had been fitted to a fixture on a headphone hoop with the headphones removed, and it was adjusted to remain at a horizontal distance of 50 mm from the speaker's upper lip and approximately 10 mm above it, with its center line pointing towards the mouth opening. This was ensured by using a plastic gauge specifically manufactured for this purpose. A male experimenter gave the subjects instructions as to whether the utterance was to be phonated or whispered, and controlled the attenuator and recorder. A female experimenter served as the addressee of each subject. She asked each subject ''Hur många kort tog du av varje färg?'' ''How many cards of each color did you take?,'' standing at five previously measured distances from the subject ͑see Table I͒ and adapting her vocal effort to the communication distance. The subjects were instructed to produce each utterance with the vocal effort considered necessary for the specific distance. For an utterance to be satisfactory, the addressee had to accept it as clearly audible against the background noise and fully intelligible.
For all speakers, the first condition was communicating over the shortest distance, and the distance was subsequently increased in four steps. At the distances of 0.3 and 1.5 m, whispered versions were produced after the voiced, but not in immediate succession. Between all versions, the male experimenter stated the distance, the desired mode of phonation, and the chosen attenuation. In asking her question, the addressee used in each case the same mode of phonation that was required from the subjects.
All recordings followed the same procedure, and the addressee was always the same person. There were several recording occasions, and the children were actually recorded 1 year later than the adults, in autumn 1995 and 1994, respectively. On all occasions, it was slightly windy.
Due to a mistake, one utterance by an adult male speaker went unrecorded, and one by a child was skipped because it was affected by extraneous noise. This left 138 utterances to be analyzed.
D. Acoustic measurements
The utterances were digitized at 16 kHz, using 16 bits per sample. In order to remove some of the low-frequency wind noise that was present in most of the recordings, the signals were high-pass filtered at 70 Hz, 48 dB/octave. Most of the acoustic analyses were done using the ESPS/WAVES program package ͑Entropic Research Lab.͒.
Sound-pressure levels (SPL v ,SPL s )
Sound-pressure levels were measured, and the data found to be most informative were the levels of selected segment types within each utterance: the voiced segments (SPL v ) or the potentially voiced segments of the whispered versions, and the three ͓s͔-es (SPL s ). In order to make these measurements, two excerpts of each utterance were produced by concatenating the relevant segments of each original utterance, excluding everything else. These concatenations were initially based on markings of segment boundaries that had been used for the measurement of segment durations ͑see below͒, but they were edited further to remove some audible traces of inappropriate acoustic features such as traces of voicing in some of the ͓s͔ segments.
Spectral emphasis (Emph)
The concatenated voiced segments of each phonated utterance were low-pass filtered with a cutoff frequency of 1.5 F 0mean , 18 dB/octave, and the average SPL of the lowpass-filtered signal (SPL 0 ) was measured. A measure of spectral emphasis was then obtained by calculating the difference, EmphϭSPL v ϪSPL 0 . This measure is equal to zero when partials above the first are totally absent and it is ϩ3 dB when there are equal amounts of energy below and above 1.5 F 0mean . Similar measures were used by Childers and Lee ͑1991͒, and Granström and Nord ͑1992͒, while Titze and Sundberg ͑1992͒ considered the difference between the second and first partial.
Fundamental frequency (F 0 )
F 0 was computed using the pitch extraction algorithm of the ESPS/WAVES analysis package. The results were inspected manually and only data from voiced segments were considered. Sections were excluded where the signal was too weak ͑e.g., at the very end of utterances͒ for the pitch analysis to be fully reliable. Sections with creaky voice, defined as segments beginning with an abrupt frequency halving, were treated separately. Such sections are usually not perceived as lower in pitch but rather as having a coarser voice quality. If they were included in the data from which mean values were calculated, it would give a misleading impression of a lower pitch used by the speakers for those particular renditions. Mean values and standard deviations were calculated for each individual speaker and for each group of speakers.
Formant frequencies (F 1a ,F 3 )
Any measurement of formant frequencies in phonated speech is hampered by the fact that the spectral envelope is only sampled at the frequencies of the harmonics. In the louder versions, F 0 was often very high. This would cause serious measurement errors in the form of a bias toward the harmonic closest to the formant peak, using any of the customary formant-tracking algorithms. Therefore, average frequency positions of three formants were measured by means of a linear predictive coding ͑LPC͒ analysis in which the whole string of voiced sounds of each utterance was placed in one analysis window of the same length as the signal. In the frequency region above 2 F 0 , this can be expected to produce fairly reliable values, since most of the mentioned bias is avoided thanks to the segmental variation in the formant frequencies and the prosodic variation in F 0 within each string. However, this kind of measurement suffers from another kind of bias: The measured average value is sensitive to the variation in spectral emphasis caused by vocal effort, especially below 2 F 0 . Therefore, the only F 1 measurement that will be reported is the average frequency value of this formant in a concatenation of the four occurrences of the vowel ͓a͔ of each utterance. In these segments, F 1 was always above 2 F 0 , except for the formant transitions out of or into consonants. An average value for F 2 will not be reported, since the results of previous research ͑seeTraun-müller, 1988͒ suggest that its behavior in front vowels will be different from that in back vowels. An overall average value would therefore lack representativity.
In measuring formant frequencies one also encounters the additional problem of uncertainty of the formant number. Automatic methods often miss a formant or find a spurious one, but this problem is minimized by the use of a long analysis window. Using the LPC method, it is necessary to specify to the system beforehand how many formants there are. For a given sampling frequency, this number will be different for men, women, and children. In an attempt to capture exactly three formants, the utterances were resampled at the lower sampling frequencies of 6.4 kHz for men, 8 kHz for women, and 10.667 kHz for children. The three conjugate pole pairs found below half the sampling frequency for each speaker category were considered to represent the formants F 1 , F 2 , and F 3 . Seven reflection coefficients were used for all utterances. The preemphasis factor used was 0.92 in all analyses. For some tokens of ͓a͔ produced with a high vocal effort, the formant measurements were compared with the result of a period-by-period LPC analysis. The formant frequencies obtained in this way were close to those obtained with the simpler method.
Segment durations (dur V ,dur C )
Segment boundaries were marked using oscillograms and broadband spectrograms. Stop occlusions and pauses were considered to begin where the formant structure of the preceding segment could no longer be seen. Stops were considered to end at the beginning of a following vowel-like segment or after the burst when it was followed by a pause. Vowel-like segments were considered to begin at the first positive zero crossing after a consonant or a pause and to end at the beginning of a following stop occlusion. In the following, the mean durations of vowel-like segments and consonantal segments will be referred to as (dur V ) and (dur C ). Pause durations will also be reported.
E. The measure of vocal effort
The speech material recorded for the purpose of studying the acoustic properties of speech was also used in perception experiments in which listeners had to rate the distance between speaker and addressee ͑Rundlöf, 1996; Traunmüller, 1997͒. Such ratings were obtained from two groups of 20 listeners each. One group listened to the utterances with their original variation in sound pressure p, while the other group listened to them with a random 6-dB variation imposed after equalization of p. The mean logarithmic distance ratings obtained in the latter condition were highly correlated with and similar to those obtained with the original variation in p preserved ͑rϭ0.993, slopeϭ0.93͒. This shows that a listener is capable of distinguishing between vocal effort and the variations in SPL due to perspectival factors. The result was further corroborated by a later experiment ͑Eriksson and Traunmüller, 1999͒ where listeners were shown to be able to distinguish between these factors, with a reasonable degree of precision, on the basis of single-vowel utterances.
The correlation coefficient for estimated against actual distances ͑also logarithmic͒ was clearly lower (rϭ0.90). This can be understood as due to some additional factors that influenced the speakers' choice of vocal effort and which will be identified in the following. These were unknown to the listeners who had to estimate the communicative distance. Therefore, they had no choice but to interpret all variation in vocal effort as due to variation in this distance. The results showed a consistent and substantial underestimation of the larger distances. The geometric means of the estimated distances were 0.47, 0.69, 1.9, 7.5, and 31 m for the actual 0.3, 1.5, 7.5, 37.5, and 187.5 m. Visual estimates of a similar range of distances by the same subjects were quite close to the actual distances ͑0.33, 1.54, 7.2, 34, and 159 m͒. The discrepancy will be explained in Sec. II C. Similar auditory underestimations were also obtained by Eriksson and Traunmüller ͑1999͒.
It can be expected that the expressive increase in vocal effort will not fully compensate for the perspectival decrease in p as a function of distance. Thus, at the ears of the addressee, p will actually decrease with increasing vocal effort, which again makes it appear inappropriate to take p as a measure of vocal effort. We shall take the geometric mean of the distance estimates d e obtained for each utterance as heard at a constant distance from the speaker as a measure of the vocal effort invested into its production. In Sec. II C and the subsequent analyses, vocal effort level, defined as VEL ϭ 2 log(d e ), will be used as an independent variable, and the effects of its variation on signal levels, frequencies, etc. will be analyzed. A unit increase in VEL reflects an increase in vocal effort such that listeners judge the communication distance to be increased by 100%.
II. RESULTS AND DISCUSSION
A. The extrinsic factors that influenced the acoustic properties
Most of the variation in vocal effort was of course due to the large variation in the distance between speaker and addressee, but there were some additional environmental and personal factors that must be considered. The factors that were recognized to be relevant are listed here below. They describe either the situation ͑1 to 3͒ or the speaker ͑4 to 7͒.
(1) Communication distance,
log(d)
The distance between speaker and addressee, to which speakers had to adapt their vocal effort, was the factor that could be expected to have the most profound influence on quantities related to signal levels. In the following analysis, this distance is expressed in base-2 logarithms, 2 log(d), with d in meters. If expressed in this way, the variable was expected to be linearly related to acoustic variables such as levels in dB and frequencies expressed in octaves or semitones, assuming relationships of this kind to be best described by power functions ͑Stevens, 1965͒. In a free field, there is a 6-dB loss in sound pressure for each doubling of distance from the sound source. The expectation that the acoustic variables would be linearly related to the base-2 logarithm of the distance was, however, confirmed only for the larger distances. This can be seen in Fig. 1 for the SPL of the voiced segments. The difference between the versions produced at 0.3 and 1.5 m was relatively small in all respects. This can be thought of as a habitual floor effect: Speakers appear to retain their habitual vocal effort for this range of distances and increase it appreciably only when clearly required. Speakers would probably decrease the level of their voice at still shorter distances, in order not to cause discomfort to their addressees, but we have no data to confirm this.
As for speech rate, there may also have been an effect of sequential order. The data from the children indicate an especially slow speech rate at the shortest distance, which may have been due to the novelty of the utterance they were required to produce.
In order to account for both types of deviation from the linear relationship between 2 log(d) and the acoustic parameters, a supplementary ''closeness'' variable was introduced, defined as e (1Ϫn) , where n is the version number ͑propor-tional to 2 log(d), see Table I͒ . This was found to compensate in a nearly optimal way for the discrepancy in most acoustic parameters.
(3) Wind noise
Due to variations in the noise produced by the wind, a higher vocal effort was necessary when the wind velocity was higher and its direction is also relevant. However, since no on-site measurements were taken, the analysis of this effect had to remain somewhat superficial. The values used represent the mean wind velocity in m/s, measured at a nearby meteorological observatory during the hours when the recordings were made. The wind velocity varied between 1 and 7 m/s for the different recording events. It is not expected to be linearly related to any acoustic variables, but attempts to find a more appropriate scaling remained inconclusive. The experiment was not planned to investigate this kind of disturbance. The analysis was done based on the base-2 logarithm of each speaker's age in years, but care has to be taken in generalizing from this. The data allow us only to say with some confidence how the speech of 7.5-year-olds differs from that of the adults, whose average age was about 30 years, thus two units larger. It is well-known that, for males in particular, the developmental changes between these ages are far from linearly related to the base-2 logarithm of age. For data, see Lee, Potamianos, and Narayanan ͑1999͒ and Huber et al. ͑1999͒.
(5) Boyhood and (6) manhood
It is not very useful to classify speakers according to sex when adults and children are lumped together. We know a priori that the acoustic differences due to sex are much smaller among children than among adults. Unless we make an additional bipartition, the results will vary according to how many speakers of each age group are included. While we can let the age factor account for the difference between girls and adult females, we need the two additional parameters, ''boyhood'' and ''manhood.'' These have a value of 1 for boys and adult males, respectively, and zero for all other speakers.
FIG. 1. The average sound-pressure level (SPL v ), with an arbitrary reference, of the voiced and potentially voiced segments in the phonated and whispered utterances produced by men ͑͒, women ͑᭹͒, boys ͑ᮀ͒, and girls ͑᭺͒. ͑Phonated versions of men and women overlap completely.͒ It would be less adequate to use ''girlhood'' and ''womanhood'' in addition to ''age,'' since it is essentially the adult male speakers who are different from the others. They have gone through a development in which the vocal folds have been elongated substantially, while the length of the pharyngeal cavity continues to increase.
(7) Speaker-specific constants
Speakers voices may have particularities that contribute to the total variation observed, and speakers of the same age and sex will not necessarily choose the same vocal effort when addressing somebody at a given distance under the same environmental conditions. In order to gain knowledge about the ''sum'' of these factors, the speaker-specific average prediction error was calculated for each of the measured acoustic properties. This was done in a linear regression model in which the six above-mentioned variables were used as independent variables. The calculated average error of each speaker was subsequently used as an additional predictor in the analysis of the acoustic data.
B. The acoustic properties and how they were influenced by the extrinsic factors Table II shows the results of a number of linear regression analyses in which each of the mentioned extrinsic factors ͑1͒ to ͑6͒ was considered an independent variable, while the acoustic properties that had been measured were considered as the dependent variables. Consideration of the speaker-specific constants ͑7͒ does not appreciably affect the values shown in this table, except for r 2 , which is a measure of the variance explained, and which is listed with and without consideration of this factor. The first four columns contain the data that refer to levels, the next four concern frequency positions, and the last two concern segment durations. In Fig. 2 , the standardized coefficient ␤ is shown for each acoustic and extrinsic ͑environmental and speakerspecific͒ variable. This is a measure of the relative contribution of each variable.
Sound-pressure levels
In Table II it can be seen that SPL v , the SPL of the voiced sections, increased by 4.6 dB for a doubling of the distance. In order to keep the SPL constant at the addressee's ear, an increase of 6 dB would have been required. From the values listed in the second row under ''distance'' and the effect of ''closeness'' listed in the next row, it can be calculated that the actual increase between 0.3 and 1.5 m was only 1.3 dB. On average, SPL v was 32.7 dB higher in version 5 as compared with version 1. See also Fig. 1 .
The first partial is less affected by variations in vocal effort. Thus, the SPL of the low-pass-filtered signal (Ͻ1.5 F 0 ), SPL 0 , increased by only 3.3 dB for a doubling of the distance, and the effects of closeness and wind noise were also lower. A separate calculation showed that for com-FIG. 2. The contribution of the environmental and speaker specific factors ͑1͒ communication distance, ͑2͒ ''closeness,'' ͑3͒ wind noise, ͑4͒ speaker age, ͑5͒ boyhood, ͑6͒ manhood, and ͑7͒ speaker-specific constants, to the variation in acoustic variables measured in the phonated utterances. These variables were ͑from left to right͒ SPL v , SPL 0 , spectral emphasis (SPL v ϪSPL 0 ), SPL s , utterance average F 0 , F 1a , F 3 , and the durations of vowel-like (dur V ) and consonantal segments (dur C ). ponents at f Ͼ1.5 F 0mean , there was a nominal increase of 5.1 dB for a doubling of the distance. Speaker age also had a smaller effect on SPL 0 than on SPL v . For the fourfold increase in age from 7.5 to 30 years, there was an increase of 2.7 and 3.7 dB, respectively. There was no significant difference in average SPL v between adult male and female speakers. As can be seen in Fig.  1 , it was almost the same at any distance. The various effects on SPL that must be assumed to result from the physiological differences between men and women thus compensate each other quite precisely. The values observed for boys were also similar, on average slightly higher than those of the adult speakers. In Table II , this is reflected in the difference between the factors ''boy'' ͑ϩ4.2 dB͒ and ''age'' ͑ϩ3.7 dB͒. Our girls had slightly lower values of SPL v and SPL 0 at all distances. This is similar to data obtained by Huber et al. ͑1999͒ from 6-year-olds who sustained an ͓Ä͔ at a comfortable, high, and low level of vocal effort. However, their data obtained from 8-year-olds showed the contrary pattern.
For the three ͓s͔-segments, the increase in level (SPL s ) as a function of distance was smaller than that of the voiced segments (SPL v ).
The five extrinsic factors contributed to a similar extent to SPL v and SPL 0 . In these cases, the communication distance was the dominant factor. It was somewhat less dominant as a contributor to SPL s , for which age and ''boyhood'' were more important than for SPL v and SPL 0 .
While most of the variance in the data was explained by the primary extrinsic factors ͑see r 2 for SPL v , SPL 0 , and SPL s in Table II͒ , additional consideration of the speakerspecific constants led to a significant further increase in r 2 . The value of r 2 for SPL s was reduced by a statistical interaction between speaker group ͑boys, girls, men, women͒ and distance or, more properly, vocal effort level. This will be shown in detail further below.
F 0 and formant frequencies
The contribution of the extrinsic factors 1 to 6 to F 0 , F 1a , and F 3 is shown more to the right in Fig. 2 . It can be seen that F 0 as well as F 1a was mainly affected by the communication distance, while speaker age and manhood also contributed appreciably. F 3 , however, remained nearly unaffected by variations in distance, but it varied mainly as a function of speaker age, and also to some extent as a function of manhood. Here, closeness affected only F 0 to a significant extent. Table III shows the occurrence of creaky voicing in the speech of the adults. Creaky phonation was roughly equally common in the speech of the men and the women, but it was absent in the children's speech and at very high levels of vocal effort. In nearly all cases it occurred in prepausal positions, where the subglottal pressure can be assumed to have been reduced to a level below that required to abduct the vocal folds for each period.
In Table IV , mean values of F 0 are listed together with mean values of a measure of pitch dynamics: the standard deviation in the distribution of F 0 values for each utterance. Sections with creaky phonation were excluded from this analysis. We can see here that in the loudest versions produced by the men, F 0 reached the same value as in the conversational versions produced by the 7-year-olds. Expressed in semitones, the standard deviation of F 0 was roughly constant for each speaker group, but somewhat lower in the loudest versions. This reduction in pitch dynamics is likely to be due to physiological restrictions.
Segment durations
An analysis of the durations of all segments revealed two different patterns, one that held for all vowels and also for ͓j͔ and ͓v͔ and another one that held for all consonantal occlusions. The values reported in the following are the mean durations dur V of the vowel-like segments, 14 vowels, 1 ͓j͔, and 3 ͓v͔, and dur C , of the consonantal occlusions, 8 stop occlusionsϩvoice onset time, 3 ͓s͔ and 1 ͓l͔, in each utterance.
The contribution of the extrinsic factors 1 to 7 to dur v and dur c is shown to the right in Fig. 2 and Table II . It can be seen that only the duration of the vowel-like segments was significantly affected by the variations in communication distance ͑and in wind velocity͒. Closeness affected the duration of all segments to a similar degree. There was also a large effect of age on the durations of all kinds of segments. On average, the vowels produced by the adults had only 69% of the duration of those produced by the children.
Pausing
The average time all speakers spent pausing between the words in the phonated and whispered versions of the utterance used is shown in Table V . It can be seen there that pausing was avoided within noun phrases, but also between the subject jag ''l'' and the verb tog ''took.'' After the verb, the girls inserted a pause in 27 out of 28 cases. In all other speaker categories, this was much less common. The women paused after the first of the three coordinated object noun phrases, at the place marked with a comma in writing, in all 42 cases, but this place was very popular among all catego- ries of speakers. They paused there in 117 out of 138 cases. After the next noun phrase, before the conjunction och ''and,'' boys and women often inserted a pause, while this was more unusual among men and girls. Pausing behavior was also affected by vocal effort, but here too, we find quite pronounced differences between speaker groups, mainly between children and adults. These are illustrated in Fig. 3 . In the utterances produced by adults, there was no uniform change in overall pausing time over most of the range of distances used, but it was markedly longer at the maximal distance. In the children's utterances, on the contrary, pausing time decreased with increasing distance. We do not know the reason for these differences in behavior.
Most of the increases in pausing time were due to the presence of additional pauses, but when pauses increased in number, those that had been there before tended also to become longer. Figure 4 shows the SPL of the voiced segments (SPL v ) and of the three unvoiced ͓s͔-segments (SPL s ) as a function of VEL. As distinct from the nonlinear relation with the logarithm of the communication distance, which can be seen in Fig. 1 , it is now evident that SPL v is linearly related to VEL, and that there are no apparent differences between speaker groups. Since the differences between speaker groups were so small, only one regression line is shown for the whole set of data (rϭ0.98), but the equations of groupspecific regression lines are listed in Table VI . The sound pressure of voiced segments varies as a function of pulmonic pressure, vocal-fold tension, and vocal-tract openness, and the slope of the regression lines reflects the product of these effects.
C. The effects of variation in vocal effort on the acoustic properties
Sound-pressure levels
On average, a doubling of the estimated distance was reflected in an increase in SPL v by 4.64 dB. This is quite exactly the same figure as noted in Table II for speakers' increase in SPL v when the distance was doubled. The same also holds for the other regression equations listed in Table  VI . Listeners appear to take into account that speakers increase their SPL only by about 4.6 dB instead of the 6 dB that would be required if nothing but SPL were modified. There is, nevertheless, a discrepancy between physical and estimated distances due to the habitual floor phenomenon, for which listeners do not appear to compensate.
In sharp contrast with SPL v , there were clear differences between speaker groups in SPL s , which varied less than SPL v as a function of VEL. This implies that the louder we speak, the more dominant become the voiced parts of the speech signal. This tendency was more pronounced in the speech of women and children than in that of men. For men, According to Stevens ͑1971͒, the sound pressure of unvoiced fricatives increases as a power function of pulmonic pressure with an exponent of approximately 1.3, but there is one additional factor that is disposed to affect SPL s substantially: dentition and the targeting of the air stream against the teeth ͑Shadle, 1991͒. While it may be that adult male speakers have a greater propensity ͑capacity, inclination, or need͒ for increasing their pulmonic pressure when increasing their vocal effort, the between-group differences are too large to be explained in this way. The low increase in SPL s in the speech of girls suggests that in this speaker group the targeting of the air stream, which is required for the production of strident fricatives, became less optimal with increasing vocal tract openness. This deterioration was much less pronounced in the speech of men. Figure 4 also shows the spectral emphasis (SPL v ϪSPL 0 ) as a function of VEL. In this relation, with r ϭ0.90, there were no significant between-group differences. Overall, Emphϭ5.9ϩ1.42 2 log(d e ), with Emph in dB and Effort in meters of communication distance. Fig. 4 ͑levels͒ and 5 ͑fre-quencies͒ and of linear regression lines for 2 log(dur v /dur C ) ͑cf. Fig. 7͒ as a function of vocal effort level ͑VEL͒. of the voiced segments varied as a function of speaker group and VEL. The increase in log(F 0 ) as a function of VEL was slightly steeper in the men's speech than in that of the other speaker groups, while the opposite was true for the increase in F 1a .
F 0 and formant frequencies
The covariation of F 1 with F 0 can be seen more clearly in Fig. 6 , which shows F 1a and F 3 as a function of F 0 , with all variables plotted logarithmically. Here, log(F 1a ) can be seen to covary quite closely, but not quite linearly, with log(F 0 ). The regression lines fitted to F 1a for the four speaker groups differ substantially in slope, but they intersect at an F 0 around 280 Hz. For a 100% increase in F 0 ,F 1a increased by 42% for men (rϭ0.90), 71% for women (r ϭ0.92), 95% for boys (rϭ0.94), and 124% for girls (r ϭ0.94). The results obtained with the adult speakers are compatible with previous observations, while the effect on F 1 observed in the children's speech is much more drastic. However, these differences in slope need not necessarily be interpreted as genuine differences between the speaker groups, since their major part can also be understood as due to a nonlinear relation between F 1a and F 0 .
The positive correlation between F 1 and F 0 in realizations of the same linguistic strings by speakers who differ in age and/or sex, or by the same speakers who alter their pitch register, can be compared with the negative correlation that holds between F 1 and F 0 in vowels produced by a given speaker in the same linguistic and paralinguistic context. This has often been referred to as the ''intrinsic pitch'' of vowels, and it can be understood as, basically, an effect of physiological interactions between tongue and larynx. Observations concerning the magnitude of the intrinsic pitch effect vary considerably, but the almost threefold increase in F 1 from close to open vowels is on average matched by a 10% decrease in F 0 ͑Whalen and Levitt, 1995͒. This effect is, thus, much less prominent than the positive correlation between F 1 and F 0 due to paralinguistic factors.
Increases in vocal effort appear to be brought about by a synergetic process that involves an increase in subglottal pressure, an increase in vocal-fold tension, and an increase in the openness of the vocal tract, hence also in F 1 . All these modifications contribute to an increase in the audibility of an utterance, and in ordinary speech, speakers appear to make use of all these possibilities simultaneously. The effects on F 0 and F 1 are substantial and they are similar in magnitude. This contrasts with between-group comparisons of speech produced by men, women, and children at moderate vocal effort, where the factor by which F 1 and the other formant frequencies differ is usually found to be considerably smaller than that for F 0 ͑Traunmüller, 1988͒. For a given increase in SPL, the increase in F 1 is larger than that reported for adults by Liénard and Di Benedetto ͑1999͒, while it is compatible with the values reported by Rostolland and Parant ͑1974͒, but the data are not directly comparable. Rostolland ͑1982b͒ reported no increase in F 1 for ͓a͔, but large increases in all the other nine vowels included in the study. The increase in F 0 is compatible with the mentioned studies.
A within-speaker increase in F 1 together with F 0 has previously been observed in vowels by Bladon ͑1982͒ for men and women, and by Maurer et al. ͑1992͒, and Klinkert and Maurer ͑1997͒ for men, women, and children. In these investigations, the expressive variation in F 0 was brought about by asking subjects to modify their pitch. Although this may be more closely related to singing than to varying vocal effort, the covariation of F 1 with F 0 observed under this condition was roughly the same as that observed in the present investigation. We have to conclude that in a given vowel, F 1 tends to be kept at the same frequency position when F 0 is the same, no matter why. This is probably due to the perceptual requirements for constant vowel quality, although a kind of base value of F 0 appears to be more relevant than its instantaneous value ͑Traunmüller, 1994͒.
The relation between F 3 and F 0 is of a different kind. In this case, most of the variance was explained by the age factor (r 2 ϭ0.85). F 3 decreased by 11.5% during the fourfold increase in age from 7.5 to 30 years. Some additional variance was explained by the manhood factor ͑r 2 ϭ0.64 alone and 0.92 combined͒. F 3 was lower by 11.1% for adult male speakers. There was a small but significant effect of F 0 . For a 100% increase in F 0 ,F 3 increased by 4.1%. In Figs. 5 and 6 it can be seen that most of this average increase in F 3 was due to the group of adult female speakers. However, an analysis of F 3 data obtained form the ͓a͔-segments alone showed again no significant effect in the children, but F 3 increased to the same extent in men and women.
A raised value of F 3 would be expected when speakers shorten their vocal tract by raising their larynx when speaking up, and the data suggest this to happen in adults, but not in 7-year-olds. An explanation of the discrepancies between men and women would require a deeper analysis based on FIG. 7 . Mean durations of vowel-like segments ͑above͒ and consonantal segments ͑below͒ shown as a function of VEL. Locally weighted leastsquares regression lines fitted to the data obtained from each speaker group, men ͑, solid lines͒, women ͑᭹, broken͒, boys ͑ᮀ, dashed͒, and girls ͑᭺, dotted͒. See also Table VI. data from different vowels, but it is to be expected that F 3 in some vowels is more sensitive to variations in vocal effort than in others and that there may be differences in this respect between men and women, since their vocal tracts are not quite proportional, the pharyngeal cavity being relatively longer in men. Figure 7 shows the variation in the duration of vowellike and consonantal segments as a function of VEL. The logarithmic values of the durations of the vowel-like segments can be seen to be positively correlated with VEL, in particular in the adult speakers. In the 7-year-olds, this tendency was much less pronounced and at moderate vocal effort, their vowel-like as well as their consonantal segments had longer duration than in the speech of the adults.
Segment durations
The increase in vowel duration agrees qualitatively with previous observations of the effects of increases in vocal effort ͑Fónagy and Fónagy, 1966; Rostolland, 1982a; Bonnot and Chevrie-Muller, 1991͒ . However, for consonants these researchers reported a consistent decrease in segment duration with increasing vocal effort. In Fig. 7 , an overall decrease can be observed in the children's data ͑significant for boys͒, but there is a slight increase in duration in the adults' data ͑significant for men͒.
The relationship between the logarithmic values of the segment duration and VEL was nonlinear, but the deviation from linearity was approximately the same for each type of segment and speaker. The slopes of the locally weighted least-squares regression lines are more positive at VELϾ2, corresponding to distance estimates Ͼ4 m. There appear to be several factors involved: ͑a͒ a marked increase in vowel durations, ͑b͒ an equal percentage increase in the durations of vowels and consonants at VELϾ2, and ͑c͒ an initially reduced speech rate in children. This has perhaps nothing to do with vocal effort since it may have been due to the novelty of the utterance having caused the children some difficulties.
Here, it is relevant to consider also the ratio dur V /dur C , which is reflected in the difference between 2 log(dur V ) and 2 log(dur C ). Since the deviation from linearity of the original variables was approximately the same, their difference is linearly related to VEL. Over the whole range in vocal effort, the vowel-to-consonant durational ratio varied by a factor of 2. This raises a question. In Swedish, there is a phonological opposition between sequences realized as ͓V C͔ and ͓VC ͔ ͑Elert, 1964͒. If this ratio, as well as the absolute segment duration, varies as a function of vocal effort, is there any perceptual constancy in this opposition? This question can only be answered by means of perceptual experiments.
As compared with the adults, the children showed a larger range of variation in segment duration. This is in qualitative agreement with observations such as for the duration of vowels and ͓s͔-segments in the investigation by Lee et al. ͑1999͒ and with previous observations ͑Smith, Kenney, and Hussain, 1996͒.
Recognition of vocal effort
In the results of the present experiment, the SPLs of the voiced segments were highly correlated with VEL, rϭ0.95 and 0.98 for SPL 0 and SPL v , respectively. However, this high correlation was due to the exceptional circumstance that the microphone was fixed at a constant distance from the mouth of each speaker. When this is not the case, the emphasis (SPL v ϪSPL 0 ) is the best single predictor of VEL (r ϭ0.90). It can be assumed to be most important for the perception of vocal effort since it is not significantly affected by speaker age and sex. Since linguistic prominence or stress appears to be realized by means of vocal effort, this measure of spectral emphasis or tilt can also be considered a reliable correlate of this kind of variation, which has been investigated by Sluijter and van Heuven ͑1996͒ and Sluijter, van Heuven, and Pacilly ͑1997͒. However, instead of comparing the energy in fixed frequency bands, as these investigators did, we prefer to express it by a measure such as our (SPL V -SPL 0 ), which retains its validity irrespective of F 0 .
If considered together, the formants and F 0 provide similarly reliable information about vocal effort. Various combinations of variables give us correlation coefficients as follows: F 0 and F 3 : rϭ0.87; F 0 , F 3 , and Emph: rϭ0.96; F 0 , F 3 , Emph, and 2 log(dur V /dur C ): rϭ0.97. In the last mentioned case, the standard error of the estimate was 0.64 units, corresponding to factors of 0.64 and 1.56. No further acoustic variables were found to give a significant contribution.
In whispered speech, there is no variation in spectral emphasis since there is no F 0 , and F 3 is hardly affected by variation in vocal effort. However, predicting vocal effort on the basis of F 3 , F 1a , and 2 log(dur V /dur C ) results in r ϭ0.902. This means that it should be possible to recognize variations in vocal effort fairly well also in whispered speech. However, this involves a risk of confusing variations in linguistic and paralinguistic quality. As for the perception of speaker sex, this has been observed experimentally ͑Traunmüller, 1998͒.
D. Whispering compared with phonated speech
Table VII presents the differences between the whispered and the voiced versions of the same utterance produced by the same speakers at the same conversational distances of 0.3 and 1.5 m for adults ͑23 pairs͒ and children ͑15 pairs͒. Some of these quantities showed a significant differ-TABLE VII. Mean values and standard deviations of differences between whispered and voiced versions of the same utterance produced by the same speakers at the same communication distance ͑0.3 and 1.5 m͒. The significance level of the difference between the age groups is also indicated. ence between these age groups, but there was no significant difference between sex groups, and dur C was the only variable that showed a significant difference related to distance ͑0.3 vs 1.5 m͒.
In the adults' speech, the durations of all segments tended to be longer in the whispered versions than in the corresponding phonated ones. In the children's whispered versions, the vowels were on average also slightly longer, but the consonants were shorter in duration. This is similar to what happened with the phonated versions when the vocal effort was increased ͑see Fig. 7͒ . This holds as well for the observed formant frequencies, in particular for F 1a . This suggests that in whispering, speakers adopt an articulation similar to that used for phonated speech produced at a higher vocal effort. This may be caused by a need to increase the tension ͑stiffness͒ of the vocal folds in order to prevent vocal-fold vibration. When controlling vocal effort, such an increase in vocal-fold tension is accompanied by modifications in articulation, which might automatically be realized also in whispering. It may also be that speakers attempt to increase the audibility of their whispers by modifying their articulation in the same way as they do for phonated speech.
More precise formant frequency measurements by Eklund and Traunmüller ͑1996͒ in vowels produced by adults showed an average difference of 31% in F 1 , 12% in F 2 , and 3% in F 3 , and similar values had been obtained in previous studies ͑Peterson, 1961; Kallail and Emanuel, 1984a, b͒. A linear regression model using no more than the acoustic variables dur v , dur c , F 1a , and F 3 can be used to predict the perceived distances. The results of such a calculation, based on the logarithmic values of these four variables, is shown in Table VIII . For the phonated versions, the calculated values agree reasonably well with the perceived distances ͑rϭ0.97, standard error 0.59 units͒. The distances calculated with the same equations for the whispered utterances were higher by a factor close to 4.
However, the slightly, and for children significantly, lower SPL of the ͓s͔-segments that was observed in the whispered utterances ͑see Table VII͒ suggests that speakers do not increase their subglottal pressure for the purpose of whispering, nor do they necessarily lower it, since the lower SPL s may also result from a less efficient targeting of the air stream ͑Shadle, 1991͒, which already has been suggested as an explanation of the between-group differences observed in the relation between VEL and SPL s . Figure 8 describes the overall difference in spectral energy distribution, as measured in filter bands with a width corresponding to 3 barks, overlapping by 1 bark on each side. The frequency bands were 20-300, 200-510, 400-770, 630-1080, 920-1480, 1270-2000, 1720-2700, 2320-3700, 3150-5300 , and 4400-7700 Hz, all with slopes of Ϯ36 dB/ octave. The figure shows the mean level difference ͑whispered-phonated͒ obtained in each band, represented at its midfrequency, for each speaker group. In the region of F 1 , the levels can be seen to be much lower in whispering than in phonated speech. Most of the difference in the energy distribution between the two modes can be attributed to the difference between the spectra of the source signals and to the damping that affects the aperiodic source signal by the coupling to the subglottal cavities when the glottis is open. The results obtained in the lowest frequency band are not reliable, since this band of the whispered versions was in many instances dominated by wind noise while the same band in children's phonated versions barely contained the lowest partial. Figure 8 shows virtually no difference between girls and boys, and the difference between children and women consists of a shift of the curve in level and frequency. The apparent frequency shift between speaker groups can be understood on the basis of the assumption that the spectrum of the noise source effective in whispering is shifted in frequency to the same extent as the formant frequencies, cf. the values noted in Table II for the effects of speaker age and sex on F 3 and F 1a . The shape of the curve describing the level difference in the speech of men is somewhat different from that observed in women and children. This difference is probably due to differences in phonation rather than in noise production. Similar differences can be seen in the data obtained by Eklund and Traunmüller ͑1997͒, who used the same method when comparing the spectra of whispered and phonated vowels produced by men and women.
III. GENERAL DISCUSSION
Not surprisingly, SPL was strongly affected by vocal effort, but it gives a listener no unambiguous clues. While variation in SPL may be due to expressive factors, such as vocal effort, it may also be due to perspectival factors, such as the listener's distance from the speaker. More reliable information is conveyed by spectral emphasis (SPL v ϪSPL 0 ), albeit that linguistic factors ͑the phonetic quality of FIG. 8 . The gross difference in spectral energy distribution between whispered and phonated versions of the same utterance produced by men ͑͒, women ͑᭹͒, boys ͑ᮀ͒, and girls ͑᭺͒ at the same communication distance ͑0.3 and 1.5 m͒, based on level measurements in frequency bands covering three critical bands with overlap. segments͒ also affect emphasis as well as SPL. Several other characteristics of speech were also affected substantially by vocal effort, most notably F 0 and F 1 , but also the duration of vowels and consonants, pausing behavior, and occurrence of creaky voice. While in several respects, men, women, boys, and girls behaved somewhat differently ͑SPL s , F 1a compared with F 0 , segment durations, and pausing behavior͒, there were almost no such differences in SPL v and SPL 0 ͑or Emph͒. Although the occurrence of creaky phonation has been considered typical for male speech ͑Henton and Bladon, 1987͒, no such gender difference was observed in the present investigation. When the distance was increased from 0.3 to 1.5 m, there was generally only a small change in acoustic parameter values. Speakers appear not to change their vocal effort substantially within the range of distances that are most common in everyday conversations. This habitual floor was modeled by means of an ad hoc factor ͑closeness͒. However, speaker behavior in response to variation in this range of distances requires a more detailed study.
The results were affected by some additional interfering variables such as wind and between-speaker differences. All this interference was eliminated by taking the communication distance estimated by a group of listeners for each utterance as a measure of vocal effort. This measure correlated better with the acoustic variables than the physical distances did. Speakers increased their SPL v by an average of only 4.6 dB instead of the 6 dB that in the absence of any variation in other factors would be required in order to compensate for a doubling in distance. Although listeners appear to take this into account with surprising precision, basing their distance estimates on a 4.6-dB increase per doubling, there remains a substantial discrepancy between physical and estimated distances due to the habitual floor phenomenon, for which acoustic signals contain no clues.
Measurements of the frequency position of the formants, considered as the resonances of the vocal tract, are affected by substantial errors when F 0 is as high as it is when people communicate over large distances. This holds for LPC-based methods as well as when using visual inspection of spectrograms. In the measurements of the mean values of F 3 ͑over all potentially voiced segments͒ and of F 1 in the ͓a͔ segments, which we report, we judged these errors to remain below a reasonable tolerance level. Data on all the different vowels would have been valuable, but this will have to await the development of more accurate measurement techniques.
The whispered versions were compared with the phonated versions produced by the same speakers at the same distance, and it was observed that segment durations and formant frequencies were affected in a similar way by switching over to whispering as when vocal effort was increased. It was suggested that this may be due to a similarity in articulatory settings, but this hypothesis remains to be tested.
The reported data are mainly descriptive of the organic and expressive properties of speakers' voices. This is what is referred to as the ''carrier signal'' within the framework of the modulation theory ͑Traunmüller, 1994, 1998͒. This signal conveys most of the nonlinguistic information, while the linguistic information is conveyed by its ''modulation,'' i.e., by the way in which the properties of the speech signal deviate from those of the carrier, whose properties are more permanent but not always explicit. With the possible exception of F 3 , we have found variation in vocal effort to cause significant variation in all the acoustic variables investigated. This poses no problem for the modulation theory, but it is hard to reconcile with any theory that assumes absolute properties to be descriptive of the linguistic phonetic quality of speech sounds and with normalization-based models that account only for differences between speakers. The modulation theory predicts that speech sounds with the same modulation will have the same linguistic phonetic quality, ''sameness'' here being a subjective concept. However, in the absence of phone-specific data we are unable to say anything more about this.
The results of the present investigation can be readily used to simulate variations in vocal effort and whispering in speech synthesis. They also allow us to test how well the expression of linguistic stress can be simulated by increasing vocal effort on a syllable, with all its acoustic correlates in the right proportions, or by decreasing vocal effort in the surroundings of the syllable.
The results can also be used for automatic recognition of the paralinguistic quality of speech, and they contribute to the solution of the problem of recognizing the linguistic message when the paralinguistic quality is not constant. This would be a fundamental progress, since present-day commercial systems of speech recognition lack the capability of distinguishing the paralinguistic from the linguistic information in speech signals.
